Imaginal disc growth factor-2 (IDGF-2) is a member of a recently described family of Drosophila melanogaster soluble polypeptide growth factors that promote cell proliferation in imaginal discs. Although their precise mode of action has not been established, IDGFs cooperate with insulin in stimulating the growth of imaginal disc cells. 
INTRODUCTION
The different adult epidermal structures of the fruit fly Drosophila melanogaster derive from larval sheets of epithelial cells called imaginal discs. Although imaginal disc cells are dependent on soluble growth factors for their survival and proliferation, numerous attempts by homology searching and genetic analysis to identify proteins with direct mitogenic activity have been unsuccessful (1) . Recently, however, protein factors with the ability to stimulate imaginal disc cell proliferation have been isolated by fractionating conditioned medium from imaginal disc cell cultures (2) . These growthpromoting molecules, termed imaginal disc growth factors (IDGFs) 1 , belong to a new family of glycoproteins that comprises at least five members (IDGF 1-5) having approximately 50% amino acid sequence identity to one another. While no specific growth-promoting activity has been assigned to a previously described glycoprotein designated DS47 (3), its sequence homology and a similar pattern of expression suggest that DS47 represents a sixth member of the IDGF family (2) .
IDGFs, which act at nanomolar concentrations, are among the first polypeptide growth factors to be identified from invertebrates (2, 4) . IDGFs are expressed not only in larval imaginal discs but also throughout all developmental stages in variable patterns, from early embryo to different larval glands and tissues, as well as in adult nurse cells and oocytes (2) . IDGFs are also strongly expressed in the fat body (5) , in accordance with early reports showing that the fat body produces mitogenic factors (6, 7) . At present, however, little is known about how IDGFs promote cell proliferation. These growth factors have been shown to act with mammalian insulin in stimulating imaginal disc cell growth through the Drosophila insulin receptor, suggesting a role as cofactors for Drosophila insulin or insulin-like molecules (2) . and Mar Research CCD plate detectors, respectively. Data were integrated, scaled and merged using the HKL package (16). Data statistics are given in Table I .
Structure Determination and Refinement
The structure of IDGF-2 was determined from the trigonal crystal form by molecular replacement with truncated coordinates of S. marcescens chitinase A (17) as the search model. Normalized structure factors from 15 to 4.5 Å were used in AMoRe (18) rotation and translation functions. Model phases were improved by wARP (19). The resulting electron density map allowed unambiguous rebuilding of the molecule. The orthorhombic crystal form was readily solved by molecular replacement using partially refined coordinates from the trigonal form.
For both crystal forms, refinement was performed using CNS1.0 (20), including bulk solvent correction and overall anisotropic scaling, interspersed with iterative rounds of model rebuilding using O (21). A last round of individual anisotropic B-factor refinement was carried out using SHELX for both crystal forms (22). Only procedures that minimized both R cryst and R free were used. The final model includes 91.2% and 89.1% of all residues fitted to both averaged and unaveraged σ A -weighted 2F o -F c and F o -F c electron density maps, for the trigonal and orthorhombic forms, respectively. All regions of IDGF-2 are well ordered, with the exception of the missing loop between Val141 and Ile161. Both models contain residues 2 to 141 and 161 to 420; 701 and 439 solvent atoms were assigned for the trigonal and orthorhombic forms, respectively. The HCGP-39, AAA16074; GP38K, AAA86482; YKL-39, AAC50597; oviduct specific glycoprotein, Q28990). Figure 3 was drawn using ESPript (28).
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Comparison with Family 18 Glycosyl Hydrolases
The structures of several chitinases, as well as of proteins with chitinase-like folds but no apparent chitinase activity, have been reported, in their free forms or in complexes with ligands: chitinase A (17), chitinase B (29, 31), hevamine (30, 32, 33), concanavalin B (34), narbonin (35), endoglycosidase H (36), endoglycosidase F (37),
Coccidioides immitis chitinase 1 (38), and the mammalian lectin Ym1 (39). Despite low sequence homology (22-25% similarity), a few conserved residues of family 18 glycosyl hydrolases, also present in IDGF-2, seem essential to maintain the barrel folding ( Fig. 3; residues in white over red background) and, in the case of active chitinases, the catalytic and substrate-binding sites (33).
IDGF-2 has three cis peptide bonds, two of them not involving a proline residue:
Gly39-Tyr40, Pro295-Val296 and Phe394-Asp395 (Fig. 3) . The first and third are conserved in all family 18 chitinase structures and appear to be necessary for correct folding of the barrel. The aromatic residues involved in these cis bonds (Tyr40 and Phe394) seem to be important for binding of substrate in all glycosyl hydrolases with TIM barrel folds (40). The Pro295-Val296 cis bond is located in the inserted α+β domain but is not conserved in chitinase A or B from S. marcescens (17).
There are two disulfide bridges in the IDGF-2 structure, which are also found in the murine chitinase-like lectin Ym1 (39). The first, between Cys6 and Cys33, links strand β1 with the loop between helix α1 and strand β2. The second, formed by Cys322 and Cys405, connects the α-helix in the inserted α+β domain with the loop between strand β8 and helix α8. These Cys residues are conserved in all six IDGF family members, as well as in a human chitotriosidase (41) and in mammalian chitinase-like proteins with no chitinase activity (Fig. 3) . In contrast, the Cys residues involved in disulfide bond formation in IDGF-2 are not present in family 18 glycosyl hydrolases from plants or bacteria.
In (βα) 8 barrel enzymes, loops between β strand C-termini and the N-terminal portion of α-helices (loops βXαX, X being the number of the strand in the barrel) are usually involved in interactions with substrate and in catalytic activity. These loops, although fairly variable in length and amino acid composition, conserve some key residues responsible for catalysis and substrate binding (33). This is also true for chitinase-like proteins with no apparent enzymatic activity, as seen in Fig. 3 . Loop β4α4
(residues 131-165) is distinctly long in the IDGF family. Although neither of our two crystal forms shows electron density between Val141 and Ile161, the location of these boundary residues on the surface of the IDGF-2 structure suggests that the β4α4 loop should be fully exposed to solvent. Furthermore, this loop appears to have undergone proteolytic cleavage. Thus, SDS-PAGE analysis of purified IDGF-2, as well as of redissolved crystals, revealed only a faint band at 47 kDa (the expected molecular weight of the intact protein), along with two prominent bands at 18 and 29 kDa that together represented >90% of the total protein (data not shown). N-terminal sequencing of the 18 kDa band gave the sequence ASNLVXYYDSSXYTREGLGK, corresponding to the predicted N-terminus following removal of the signal peptide during secretion of mature IDGF-2 to the external medium. The 29 kDa band yielded the sequence TGDFIVDPHAALHKEQ, implying a nick between Phe156 and Thr157. The lack of electron density for most residues of the 131-165 loop may reflect disorder resulting from this cleavage. It is also possible that at least some of residues 142-160 have been excised in our preparations. Importantly, cleaved and uncleaved IDGF-2 display comparable activity in imaginal disc cell proliferation assays, demonstrating that an intact 131-145 loop is not essential for IDGF-2 function
Analysis of the IDGF-2 Region Homologous to the Catalytic Site of Chitinases
The active site of chitinases is situated in a cleft formed by the C-termini of the β-strands and loops βXαX, which presents aromatic and negatively charged residues to the substrate (Fig. 4B) . A Glu residue (e.g. Glu315 in chitinase A) is the key proton donor during hydrolysis of the glycosidic bond (42, 43), and is usually imbedded in a hydrophobic environment that contributes to substrate binding, with other negatively charged residues facilitating the nucleophilic attack of the catalytic Glu. In IDGF-2 and other IDGF family members, the corresponding residue is Gln132 (Fig. 3 , blue star; Fig.   4A ). This substitution is seen in other chitinase-like proteins with no apparent enzymatic activity ( Fig. 3) (13, 34, 44, 45) , for example Ym1 (Fig. 4C) , and has been shown to abolish enzymatic activity in chitinases (38, 42, 45), as well as in endoglycosidase H, a family 18 glycosyl hydrolase (46). Interestingly, the side chain of Gln132 in IDGF-2 is oriented differently from that of the catalytic Glu in chitinases, as it is displaced away from the center of the putative ligand-binding cavity by the side chain of Leu196 and by Pro197 (Figs. 4A and 4B ). This conformation of Gln may be exclusive to IDGFs, as no other chitinase or chitinase-like protein appears to conserve Leu and Pro at these positions (Fig. 3) . In fact, Gln120 of the chitinase-like lectin Ym1, which corresponds to Gln132 of IDGF-2, is oriented similarly to the catalytic Glu of chitinases (Figs. 4A and 4C).
In terms of electrostatic surface potential, comparison of the active sites of chitinases and chitinase-like lectins with the equivalent region in IDGF-2 shows that, overall, the IDGF-2 cleft is less negatively charged (Fig. 5) , due to several changes in otherwise conserved acidic residues. Apart from the substitution of Glu for Gln at position 132, there is the replacement of Asp by Ala at position 130 (Fig. 3) . In 12 chitinases, this Asp is believed to be involved in determining the physicochemical characteristics of the proton donor during polysaccharide hydrolysis; in the structures of hevamine and chitinase B complexed with ligands, it fixes the catalytic Glu in position with a hydrogen bond (31, 33). However, in IDGF-2 the Ala substitution prevents this hydrogen bond-mediated mechanism. Interestingly, this substitution creates a cavity similar to that formed by a conformational change in Asp142 upon sugar binding to chitinase B (31). In this conformation, contrary to what it is seen in apo-chitinase B for equivalent residues, the phenolic group of Tyr7 is within hydrogen bonding distance of Asp128, while Ser82 fills the aforementioned cavity and contributes to strengthening this hydrogen bond.
In chitinases, enzymatic activity comprises two distinct processes: chitin binding and hydrolysis. These activities are separable to the extent that several proteins with chitin binding, but no chitinolytic, activity have been identified (13, 41) . The active sites of chitinases contain a number of aromatic residues that are implicated in carbohydrate binding ( and Phe394, are highly conserved in family 18 glycosyl hydrolases and in other IDGFs.
In the IDGF-2 structure, these residues are located in the β strands (Tyr7, Tyr40, Tyr279, Phe394) or loops (Phe222) of the TIM barrel domain around the putative saccharide-binding pocket (Fig. 4A ). Moreover, a few acidic residues involved in binding and/or hydrolysis of substrates by chitinases are conserved in the IDGF family, in particular Asp128 and Asp223 (Fig. 3 ). Another conserved acidic residue, Asp125, participates in a hydrogen bonding network at the core of the barrel. However, its effect on substrate binding may be negligible, as mutants of this residue retain full enzymatic activity in chitinases (46). Overall, however, IDGFs display only a modest conservation of residues that participate in oligosaccharide recognition by chitinases (31, 32) and chitinase-like lectins (39). Furthermore, a closer inspection of the IDGF-2 structure indicates that this growth factor lacks a proper configuration of residues for binding saccharides in the same way as these latter proteins.
Superposition of the IDGF-2 structure onto those of the allosamidin-hevamine (32) and N, N', N''-triacetylchitotriose (NAG 3 )-hevamine (33) complexes revealed steric clashes between the bound sugars and a number of IDGF-2 residues, including His87, Tyr279, Lys312 and Phe394. These residues, as well as Tyr40, Asp86 and Lys135, contribute to a substantial occlusion of the putative IDGF-2 binding site ( Other subsites are less conserved in IDGF-2. Thus, the side chain of Arg229, which hydrogen bonds with the main chain of Asn136, occludes subsite +2 (Fig. 6A ).
The equivalent position in chitinase A and B is occupied by an aromatic residue (Phe396 and Trp220, respectively), whose side chain stacks on a sugar ring ( 
A Possible Basis for Cooperation Between IDGFs and Insulin in Promoting Cell Proliferation
Imaginal discs express an insulin receptor homologous to that of mammals (49-51) that is required for their normal growth (52). The possible involvement of lectin-like proteins in activating the insulin receptor is suggested by several lines of evidence (51, 53), including the finding that mutagenesis of one of the acceptor asparagines for Nlinked glycosylation results in major alterations in tyrosine kinase activity and in the inability to transduce signals for glycogen or DNA synthesis (54). We speculate that the observed cooperation between IDGFs and insulin in stimulating imaginal disc cell proliferation might be explained by a requirement for the insulin receptor to interact with both proteins to achieve optimum signaling. In this regard, one mechanism by which accessory, or costimulatory, molecules enhance signal transduction was illustrated recently by the crystal structure of fibroblast growth factor bound to its receptor and heparin, in which the signaling complex is assembled around a central heparin molecule linking two growth factor ligands into a dimer that bridges two receptor chains (55).
Similarly, IDGFs might stabilize the binding of Drosophila insulin to its receptor through a simultaneous interaction with both molecules to form a multi-protein signaling complex.
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